ABSTRACT Earlier reports from this laboratory suggested that 10-nm filaments and microtubules act together in the movement and positioning of nuclei and centrioles. Sodium vanadate has been found to alter the distribution of 10-nm filaments and separate them from microtubules in virus-induced syncytia and uninfected cells. Accompanying this change in cytoskeletal elements is an alteration in the distribution of nuclei, centrioles, and other organelles. Nuclei in vanadate-treated syncytia were found in a circle or horseshoe arrangement, and 10-nm filaments were aggregated within the circle, whereas microtubules were found in a network throughout the cytoplasm. Vanadate also caused a perinuclear aggregation of 10-nm filaments in single uninfected cells, whereas microtubules were throughout the cytoplasm, as in syncytia. Centrioles, mitochondria, rough endoplasmic reticulum, and lysosomes were scattered in the perinuclear area, with mitochondria and rough endoplasmic reticulum frequently closely associated, whereas the peripheral region of vanadate-treated cells contained ribosomes, microfilament bundles, and microtubules, but not 10-nm filaments. Vanadate limited virus-induced fusion ofcells to polykaryocytes with 5-20 nuclei, in contrast to the massive syncytia found in untreated cells. These results indicate that vanadate separates 10-nm filaments and microtubules topologically and functionally, and support previous evidence that 10-nm filaments and microtubules act together in the movement and positioning of nuclei and other organelles.
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Infection ofbaby hamster kidney (BHK21-F) cells with the paramyxovirus parainfluenza virus SV5 (SV5) induces massive cell fusion, forming syncytia with hundreds ofnuclei (1) (2) (3) (4) . After cell fusion, nuclei move rapidly through the cytoplasm and form tightly aligned rows. Microtubules and 10-nm filaments organize together into large bundles adjacent and parallel to the arrays of nuclei (1, 4) . Colchicine not only disrupts the microtubule and filament bundles but also inhibits the movement of nuclei, suggesting that these cytoskeletal elements are responsible for the nuclear movement and positioning (1) (2) (3) (4) . Furthermore, the finding (4) that nuclear movement continued after treatment with cytochalasin B suggested that organized actincontaining microfilaments were not responsible for this movement and supported a role ofmicrotubules and 10-nm filaments in providing motive force for nuclei. Evidence was also obtained that these cytoskeletal elements were involved in the transport and aggregation of centrioles in syncytia (5) .
Colchicine has long been used to study the function of microtubules in various aspects of cell motility (6, 7) . However, due to the dependence of 10-nm filaments on microtubules for organization, colchicine may have a secondary effect on the distribution of 10-nm filaments (8) . Lack of agents specific for 10-nm filaments has impeded studies of their function. Vanadate (0.1-1 AM) has been found to inhibit the Mg2+-ATPase activity ofa microtubule-associated protein, dynein (9) , thought to be the side-arm structure responsible for the sliding motile action of microtubules (10) (11) (12) . Recently the inhibition by vanadate of motility of cilia and flagella (13) and of chromosome movement and spindle elongation in lysed mammalian cells (14) has been reported. We have studied the effect of vanadate on the organization ofcytoskeletal structures in virus-infected syncytia and uninfected cells. Because ofthe previous evidence that microtubules and 10-nm filaments are found in large, easily recognizable bundles and function together in the movement of organelles, the syncytia provided a good system for studying the function of these components separately. We report here the effects of vanadate on virus-induced cell fusion, on the distribution and function of 10-nm filaments and microtubules, and on the distribution of nuclei, centrioles, and other organelles in syncytia and uninfected single cells.
MATERIALS AND METHODS
Cell Cultures and Virus. Procedures for propagating BHK21-F cells and SV5 have been described (2, 15) . Confluent monolayers were inoculated with 1-5 plaque-forming units ofSV5 per cell. After 2 hr at 37°C, the inoculum was decanted and reinforced Eagle's medium with 10% calf serum and 10%o tryptose phosphate broth was added. For light microscopy, cells were grown on coverslips and prepared as described (4) . Sodium Vanadate Solutions. A 2 mM solution of sodium orthovanadate (Na3VO4) (Fisher Scientific, Fairlawn, NJ) was made in 0.1 M NaOH as described by Gibbons et al. (9) and diluted in medium to give the desired concentrations. Final concentrations between 0.125 and 10 ,uM gave similar results, as described below; concentrations greater than 40 ,uM were cytotoxic.
Cell Viability. Viable cells were counted as described by Merchant et al. (16); 0.5 ml of trypsin-treated cell suspension (1-2 x 105 cells per ml) was mixed with 0.1 ml of0.4% erythrosin B and after 5 min unstained cells were counted as viable.
Immunofluorescence Microscopy. Microtubules, 10-nm filaments, and microfilament were visualized by staining formaldehyde-fixed, acetone-extracted cells with antisera to tubulin, Mr 54,000 and 55,000 protein subunits of 10-nm filaments, or deoxyribonuclease (DNase I). The antisera and fluorescence staining procedures have been described (4, 17) . Preparations were examined with a Zeiss photomicroscope III with a xenon light source and epifluorescence optics.
Electron Microscopy. Cells were fixed and processed for thin sectioning as described (4); 50-to 70-nm sections parallel to the substrate were cut from polymerized Epon blocks with a diamond knife and a Porter-Blum MT-2 microtome (Du Pont Instruments-Sorvall, Newtown, CT), stained with hot uranyl acetate (18) and lead citrate (19) , and examined at 80 kV in a Philips 300 electron microscope.
RESULTS
For comparison to vanadate-treated cells, an area in a large syncytium in SV5-infected BHK21-F cells not treated with vanaAbbreviations: SV5, parainfluenza virus SV5; RER, rough endoplasmic reticulum; BHK21-F, baby hamster kidney cells. 2363 date is shown in Fig. 1 A-C. As described previously (14) , the nuclei are in tightly packed linear arrays, and a phase-dense area composed offibers is seen between the rows ofnuclei (Fig. 1A) . Immunofluorescence microscopy using antisera to various cyProc. Natl. Acad. Sci. USA 78 (1981) toskeletal components has shown (5) hr in the presence of vanadate, a time at which large syncytia containing many linear arrays of nuclei were present in untreated controls (see Fig. 1 A-C) . In vanadate-treated cells, only small syncytia containing no more than 5-20 nuclei were observed, and the nuclei were found in a circular or horseshoe arrangement. An amorphous area containing scattered organelles was seen in the central area surrounded by nuclei (Fig.  1D) . Immunofluorescence staining revealed that this area contained predominantly 10-nm filaments (Fig. 1E ). Very few 10-nm filaments were seen outside this perinuclear area, whereas microtubules were seen in a cage-like network throughout the syncytium (Fig. iF) but not organized into bundles or a radial pattern. Microfilament bundles extending the length ofthe syncytia were seen (not shown).
The effect of vanadate on microtubule and 10-nm filament distribution in uninfected single cells was also investigated. As described previously (4, 6, 8) , in BHK21 cells and other fibroblasts the 10-nm filaments are found in a distinctive pattern extending from the centrosomal region to the peripheral cytoplasm ( Fig. 1 G and H) , and microtubules are found in a radial organization originating from the centriolar region (Fig. 11) . These patterns of distribution were altered by treatment with vanadate (0.5 uM) for 16 hr. The 10-nm filaments were aggregated in the perinuclear region ( Fig. 1 J and K) , whereas microtubules formed a distinctive cage-like network throughout the cell (Fig. 1L) . This distribution was similar in all cells examined ( Fig. 1 M-0) . The vanadate-induced perinuclear clear region containing filaments resembles the juxtanuclear cap of filaments in colchicine-treated cells (6, 7) ; however, in vanadate-treated cultures intact microtubules remain in the cytoplasm except in the perinuclear region (Fig. 10) .
The perinuclear region containing 10-nm filaments in the single, uninfected vanadate-treated cells ( Fig. 1 J and K) resembles the area within the circle of nuclei in the infected cells ( Fig. 1 D and E) , and the distribution of microtubules was also similar in the single, uninfected cells ( Fig. 1 L and 0) and the multinucleate infected cells (Fig. IF) . Thus, the effects of vanadate on the distribution of 10-nm filaments and microtubules appears to be similar in the infected and uninfected cells. uoles, and lysosomes are scattered among irregular swirls of electron-dense areas, which at high magnification are seen to contain many 10-nm filaments (Fig. 2B) . The mitochondria and RER were closely associated, with a uniform distance between their membranes (Fig. 2 B and C) , and frequently the mitochondria appeared to be encircled by RER (Fig. 2B) . This was rarely seen in untreated syncytia. Unlike the aggregation of centrioles found previously in SV5-induced syncytia (3, 5), centrioles were scattered in the cytoplasm ofvanadate-treated cells. Fig. 2D shows a pair of centrioles with only a few microtubules and 10-nm filaments nearby, in contrast to the abundance of these fibers in untreated syncytia ( figure 2D in ref. 5 ). The peripheral cytoplasm of vanadate-treated cells contained mostly free ribosomes, microtubules, and microfilament bundles (Fig.  2E ). Very few organelles were seen in this region, and 10-nm filaments were absent. Fig. 3 shows an electron micrograph of a single uninfected BHK21-F cell treated with vanadate (0.5 1AM) for 16 hr. The perinuclear cap seen in the light micrograph ( Fig. 1 J, K , M, and N) is shown at low (Fig. 3A) and high (Fig.  3B ) magnification. As in vanadate-treated syncytia, this area was filled with 10-nm filaments and a few randomly scattered organelles. The association between mitochondria and RER seen in syncytia was also present in the single uninfected cells (Fig.  3B) . The cytotoxic effect of vanadate was investigated by using erythrosin B. At concentrations of 0.125-10 /LM, sodium vanadate did not cause cell killing. Viability of vanadate-treated cells was also demonstrated by the reversibility of its action. After vanadate was removed from treated infected cells, the normal process ofcell fusion continued, and giant syncytia were formed with nuclei aligned into rows, and the microtubules and 10-nm filaments formed the large bundles found in untreated cells. Recovery from vanadate was also seen in single uninfected cells-i. e., the distribution ofcytoskeletal elements and organelles returned to normal after removal of vanadate. DISCUSSION These studies have shown that vanadate in low concentration reversibly alters the normal distribution of 10-nm filaments and separates them from microtubules in both syncytia and single uninfected cells. Accompanying this change in the 10-nm filaments is an alteration in the distribution of nuclei, centrioles, and other cellular organelles. These results not only provide evidence for an effect of vanadate on the distribution and function of 10-nm filaments and microtubules but also support the previous suggestion that 10-nm filaments, in concert with microtubules, play a role in the movement and positioning of nuclei and centrioles (4, 5) .
The distribution of 10-nm filaments in the cell has been thought to depend on organized microtubules (6) (7) (8) . The present results indicate that, although intact microtubules are present in vanadate-treated cells, 10-nm filaments are not found in the cell periphery with microtubules but are aggregated in the perinuclear area. This raises questions regarding the organization ofthe filaments. It is not known whether vanadate affects a centriole-containing organization center, and thus changes microtubule distribution from a radial to a cage-like pattern, and secondarily induces perinuclear aggregation of filaments, or whether vanadate causes 10-nm filaments to detach from a hypothetical attachment to the cell membrane and then aggregate.
It is of interest that vanadate limited the fusion of infected cells to the formation of polykaryocytes with 5-20 nuclei, in contrast to the large syncytia in untreated cells. However, vanadate clearly does not inhibit membrane fusion per se, which is mediated by the virus F protein (20, 21) , because multinucleate cells are formed. Because neither cholchicine (3, 4), cytochalasin B (4), nor vanadate inhibit virus-induced membrane fusion, it appears that the function of microtubules, microfilaments, or 10-nm filaments is not required for the membrane fusion process. However, a functioning cytoskeletal system including 10-nm filaments is needed to permit the continued fusion of cells to form giant syncytia, a process that requires cell motility (1, 2, 4).
The vanadate-treated polykaryocytes with their circular or horseshoe array of nuclei resemble remarkably the Langhans giant cells in granulomatous lesions-e. g., in tuberculosis. Anderson (22) described these cells as follows: "The center of this cell is occupied by a granular area, so that the nuclei are crowded to the cell periphery where they are arranged in the form of a horseshoe or circle. " It would be ofinterest ifthe central area in Langhans cells is also filled with 10-nm filaments. If so this would suggest-that vanadate treatment mimics a pathological process that occurs in granulomatous lesions.
Another striking feature ofvanadate-treated cells is the close association of RER with mitochondria; the former frequently appeared to encircle the latter. It is unlikely that such an association would occur repeatedly on a fortuitous basis. Whether this is secondary to an effect ofvanadate on the cytoskeleton or whether there is any specificity in the association is unknown. The Mg2+-ATPase activity ofmitochondria has been reported to be sensitive to vanadate; however, it is not clear how this could be related to the observed morphological relationship between mitochondria and RER.
At present, the precise mechanism of vanadate action on cytoskeletal structures is unclear. Cantley et al. (23) reported that vanadate enters human erythrocytes by the anion transport mechanism and inhibits Na+, K+-ATPase from the cytoplasmic side. However, the work of Gibbons et al. (12, 13) and Cande and Wolniak (14) on its action on dynein M2+-ATPase activity indicated that the cell membrane was impermeable to vanadate. In both flagellar motility and chromosome movement, a demembranated model facilitated a rapid effect on motility (12) (13) (14) . The difference in these results may have been due to a difference between the membranes of erythrocytes, flagella, and plant cells, or to differences in duration of vanadate treatment. In the present studies vanadate could have acted either at the cell surface, setting in motion a cascade ofevents leading to alterations in the organization of 10-nm filaments, or on the cytoplasmic side of the membrane, perhaps resulting in the detachment of 10-nm filaments from the membrane. Alternatively, during prolonged treatment, vanadate could have entered the cell and directly affected 10-nm filaments. Further studies (e.g., microinjection ofvanadate) are required to define the mechanism of vanadate action; however, the use of virusinduced syncytia offers an excellent system for studying both the function ofcytoskeletal elements and the action ofvanadate.
